INTRODUCTION
This decade has brought an immense interest in room temperature magnetic refrigeration, because it is considered as a type of potential energy saving material and friendly to environment [1] [2] [3] . Magnetic refrigeration based on magnetocaloric effect (MCE), is an isothermal magnetic-entropy change (-ΔSm) or an adiabatic temperature change (ΔTad) for a magnetic material upon application of a magnetic field [4] . The current investigation of the room temperature MCE mainly focuses on the first-order magnetic phase transition (FOMT) materials, such as Gd5(Ge1-xSix)4, La(Fe1-xSix) 13 and their related compounds, MnAs1-xSbx, MnFeP1-xAsx and MnCoGeBx [5] [6] [7] [8] [9] [10] . These materials exhibit large -ΔSm in the vicinity of the magnetic-phase transition from a paramagnetic state to a ferromagnetic state. After the discovery of the giant MCE in MnFe(P,As), many efforts have been devoted to replacing As by non-toxic components. The introduction of Si and Ge atoms into the lattice of MnFe(P,As) retains a giant MCE around room temperature, but an enhanced thermal hysteresis (ΔThys) is observed [11, 12] . Recently, some meaningful studies have been done to reduce the ΔThys for MnFe(P,Ge) and MnFe(P,Si) compounds. For Mn2-yFeyP0.75Ge0.25 compounds, their ΔThys can be reduced to 1.0 K by changing the Mn/Fe ratio and maintain a large maximum isothermal magnetic-entropy change (-ΔSmax) 20 J (kg K) -1 in a field change of 0-2 T around room temperature [13] . MnFe(P,Si) compounds also show giant MCE with a large -ΔSmax of 12.8-18.3 J (kg K) -1 in a field change of 0-2 T and a lager maximum adiabatic temperature change ( T ad max ) of 2.2 K in a field change of 0-1.1 or 0-1.48 T [14] [15] [16] [17] . The ΔThys of these compounds can also be reduced to 2 K in low Fe/Mn and P/Si ratio compounds without losing giant MCE [14, 18] . The Curie temperature (Tc) of MnFe(P,Si) compounds can be adjusted in the vicinity of room temperature by changing the Fe/Mn or P/Si ratio [14, 18, 19] . The discovery of MnFe(P,Si) magnetic refrigerants materials with high-performance and relatively low-cost paves the effective way for commercialization of magnetic refrigeration and magnetocaloric power-conversion. However, systematic study of the Siand Mn-rich MnFe(P,Si) alloys has not been addressed in former reports.
In the present paper, we report the microstructure, magnetic phase transition, isothermal magnetic-entropy change and direct measurement of an adiabatic temperature change close to room temperature for Si-and Mn-rich Fe2-xMnxP0.4Si0.6 (x = 1.25, 1.30, 1.35, 1.40, 1.45 and 1.50) alloys.
EXPERIMENTAL DETAILS
Fe2-xMnxP0.4Si0.6 (x = 1.25, 1.30, 1.35, 1.40, 1.45 and 1.50) alloys were synthesized by a high energy ball milling and solid state reaction method. The starting materials, Mn (purity 99.9 %), Si (purity 99.999 %), red P (purity 99.999 %) and Fe powder (purity 99.8 %), were milled under N2 atmosphere in a high energy ball mill for 3 h. After milling, the powder was pressed into pellets under a pressure of 3.9×10 8 Pa and sealed in quartz ampoules under Ar atmosphere. Then, the ampoules were heated at 1100°C for 2 h and then homogenized at 850°C for 20 h. Finally, they were slowly cooled down to room temperature. Powder X-ray diffraction (XRD) experiments of the samples were performed at room temperature by using a Philips PW1830 diffractometer with Cu Kα radiation. A Hitachi S3400N scanning electron microscope (SEM) was used to investigate the microstructure of the samples. The energy-dispersive X-ray spectrometry (EDX) was used to detect the compositions of the samples. Magnetization measurements were carried out by using a Lakeshore 7407 type vibrating sample magnetometer (VSM). The direct measurement of the adiabatic temperature change was carried out in a homemade magnetocaloric effect measuring device under a magnetic field of 1.48 T. In this apparatus, sintered Nd-Fe-B permanent magnets were assembled to generate a static magnetic-field, which worked as the magnetic field source in the measurement [13] . Experimental errors for the direct measurement technique were estimated to be ± 0.1 K [20, 21] .
Isothermal magnetic-entropy change can be derived by using the Maxwell relation [22] 
For magnetization measurements performed at discrete temperature, ΔSm can be calculated numerically by
where Mi(T+ΔT/2, Bi) and Mi(T-ΔT/2, Bi) represent the values of the magnetization in a magnetic field Bi at the temperatures T+ΔT/2 and T-ΔT/2, respectively, and ΔB is the magnetic field change. [23] [24] [25] . This phenomenon can also be verified in MnFe(P,Ge) alloys [26] . as shown in Fig. 4 and Table 1 . This tendency is in good agreement with the previous investigation of Mn2-yFeyP0.75Ge0.25 compounds [10] . In MnFe(P,Si) compounds, Fe, Mn, P and Si atoms enter preferentially the 3f, 3g, 1b and 2c sites, respectively, and the exchange coupling interaction of nearest Mn-Fe is much stronger than that of Fe-Fe and Mn-Mn atomic pairs [27] . The excess Mn atoms have to occupy the 3f sites in high Mn/Fe ratio compounds [14] . Therefore, the increases of Mn atoms in Fe2-xMnxP0.4Si0.6 alloys lead to a decrease of Mn-Fe atomic pair, which weakens the ferromagnetic exchange interaction of alloys. This is the main reason for the linear decr- ease of Tc in the Fe2-xMnxP0.4Si0.6 alloys with increasing Mn content. A more detailed analysis of the lattice parameters confirms that the c/a ratio increases with increasing the Mn/Fe ratio in alloys without minor impurity phase, which also results in a decrease in Tc [13] . However, c/a ratio does not increase continuously with the increasing Mn content in our experimental results, which indicates that this rule is not suitable for the alloys containing impurity phase. This result can also be observed in the Mn1.35Fe0.65P1-xSix alloys [18] . The heating or cooling dM/dT curves of samples contain only a single symmetric ferromagnetic-paramagnetic phase transition peak (Fig. 3b) , and magnetization tends to 0 at high temperature in M-T curves, which indicates that the impurity phases of (Fe,Mn)3Si and (Fe,Mn)5Si3 exhibit a paramagnetic nature in our experimental temperature range. The ΔThys values of the Fe2-xMnxP0.4Si0.6 (x = 1.25, 1.30, 1.35, 1.40, 1.45 and 1.50) alloys are 4, 4, 1, 2, 3 and 2 K, respectively, as listed in Table 1 . ΔThys can be reduced effectively by decreasing the Fe/Mn ratio. In particular, the ΔThys value of Fe0.65Mn1.35P0.4Si0.6 alloy can only reach 1 K, which is mainly attributed to the shortage of impurity phase in this alloy. Nevertheless, all the alloys exhibit very low ΔThys, which is beneficial for avoiding efficiency decrease of magnetic refrigeration.
RESULTS AND DISCUSSION
Arrott plot method is an effective way to obtain the information of the phase transition. From the measured data of increasing field isothermal magnetizations (Fig. 5) , the Arrott plots of the Fe2-xMnxP0.4Si0.6 alloys are obtained and shown in Fig. 6 . The Arrott plot of Fe0.75Mn1.25P0.4Si0.6 alloy shows a tiny negative slope which confirms the occurrence of a weakened FOMT. However, neither a negative slope nor an inflection point can be observed when Mn content is higher than 1.25, indicating a second-order magnetic transition (SOMT) behavior. The SOMT becomes obviously with increasing Mn content. This result is in agreement with previous study [13] .
Based on the isothermal magnetizations data, the -ΔSm of Fe2-xMnxP0.4Si0.6 alloys can be quantified by Maxwell equation. 
CONCLUSIONS
Fe2-xMnxP0.4Si0.6 serial alloys crystallize into a majority Fe2P-type structure, coexisting with minor amounts of (Mn,Fe)3Si and (Mn,Fe)5Si3 phases. The direct measurement of an adiabatic temperature change close to room temperature for Fe2-xMnxP0.4Si0.6 alloys is achieved. The maximum adiabatic temperature change of Fe0.7Mn1.3P0.4Si0.6 and Fe0.65Mn1.35P0.4Si0.6 alloys can reach up to 1.8 K under a magnetic field change of 0-1.48 T. The maximum isothermal magnetic-entropy change of the alloys decreases from 7.2 to 2.6 J (kg K) -1 with increasing Mn-content from 1.25 to 1.5 under a magnetic field variation of 0-1.5 T. The single phase alloy shows a low thermal hysteresis and a relatively high MCE in all alloys. The suitable magnetocaloric effects, low thermal hysteresis and low materials cost of Si-and Mn-rich Fe2-xMnxP0.4Si0.6 alloys make them a promising candidate material for room temperature magnetic refrigeration applications.
